T he interaction of amyloids with chaperones, a group of proteins responsible for maintaining protein homeostasis (1) (2) (3) , has attracted considerable attention with regard to the etiology of amyloidoses and accumulation of amyloid plaques (4) . Diseases associated with amyloidosis include type II diabetes and a number of neurodegenerative processes such as Alzheimer's disease, Huntington disease, and spongiform encephalopathies (5) .
Amyloids are unbranched, highly ordered protein aggregates that contain a cross β-structure arranged perpendicular to the fibril axis (6) . Amyloid fibrils, which can be readily identified by electron microscopy, are formed by an ordered array of many copies of the given amyloid protein. In addition to amyloids that lead to pathology, there are amyloids where the fibrils contribute a distinct biological function (7) . An example of the latter is provided by the Het-s prion protein from the filamentous fungus Podospora anserina (Fig. 1A) where Het-s fibril formation serves to prevent exchange of cytoplasmic material between genetically dissimilar species (5, 7) . Since the structure of the Het-s fibril is well established (Fig. 1B) and not polymorphic at neutral pH (8, 9) , and the Het-s monomer is stable for several days at 4°C, we have used Het-s to study the interaction of a model amyloidogenic protein with a prototypical chaperone, GroEL, at the molecular and atomic levels.
GroEL is a member of the Hsp60 chaperonin class of chaperones, characterized by two cylindrically stacked heptameric ring structures, each enclosing a large interior cavity (or folding chamber) that encapsulates substrate proteins (Fig. 1C) (10) . Although GroEL is a bacterial protein, Hsp60 chaperonins are structurally highly conserved throughout prokaryotes and eukaryotes: for example, Escherichia coli GroEL and human mitochondrial Hsp60 are 55% sequence identical (11) . In eukaryotes, Hsp60s exist not only intracellularly where they play a key role in protein homeostasis, but also extracellularly where they function as potent stimulators of the immune response (12) . Each GroEL subunit comprises three domains: equatorial, intermediate, and apical (10) . The latter forms the rim around the entrance to the cavity and is responsible for binding both the cochaperone GroES and protein substrates.
Studying amyloid-chaperone interactions and their impact on protofibril and fibril formation is challenging because the species present during the early stages of fibril formation are heterogeneous. Recent work has shown that the formation of toxic amyloid species can be inhibited in a diverse manner by a range of chaperones (2, (13) (14) (15) (16) (17) (18) (19) (20) (21) . This may involve inhibition of aggregation and protofibril formation (22) , disaggregation (23, 24) , or targeting misfolded proteins for rapid clearance (25) . Biophysical data, however, on the interaction of chaperones with amyloid protofibrils and fibrils are relatively sparse, largely relying on fluorescence measurements tracking fibril formation.
Here, we make use of solution and solid-state NMR spectroscopy, electron (EM) and atomic force (AFM) microscopies, and electron paramagnetic resonance (EPR) spectroscopy to study the interaction of the prion forming domain (residues 218-289) of Het-s with GroEL at atomic resolution during the course of the complete aggregation pathway from monomer to complete fibril formation. We show that GroEL accelerates the formation of Het-s aggregates/ protofibrils by orders of magnitude, eventually leading to the formation of fibrils densely decorated at regular intervals with GroEL. The interaction, which is already present at the protofibril stage,
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occurs via the apical domain of GroEL and involves the mobile regions of Het-s.
Results and Discussion
Initial Aggregation. Addition of unlabeled GroEL (at natural isotopic abundance) to Fig. 2 A and B) , accompanied by the appearance of protein aggregates or protofibrils as seen by both EM (Fig. 2 C and D and Fig. S1 ) and AFM (Fig. S1 ). At a ratio of 4 Het-s monomers per GroEL 14-mer (corresponding to the sample at 100 μM Het-s and 370 μM subunits of GroEL) only ∼4-5% Het-s monomer remains visible by NMR (Fig. 2B) . Further, the concentration of GroEL required to reduce the fraction of NMRvisible Het-s monomer by 50% (i.e., 50% aggregation) is ∼5 μM GroEL 14-mer (∼70 μM in subunits) (Fig. 2B) . SDS/PAGE indicates that the aggregates comprise both Het-s and GroEL (Fig.  S2 ). In the absence of GroEL, Het-s remains monomeric for at least a day at room temperature with no EM evidence of protofibril formation.
Progression of Aggregation. We followed the disappearance of 15 N-labeled Het-s monomer as a function of time by solution NMR, monitoring overall signal intensity from the first increment of a 1 H- 15 N correlation spectrum (Fig. 3A) . Subsequent to the initial rapid decrease in monomer concentration occurring within the first 5 min after addition of GroEL as a result of protofibril formation (cf. Fig. 2 and Figs. S1 and S3B), there is a slow decrease in monomer concentration with a half-life of ∼2 d at GroEL concentrations of 10 and 50 μM (in subunits) and ∼2.7 d at 100 μM (in subunits) GroEL concentration. In the absence of GroEL, the decrease in Het-s monomer concentration is approximately monoexponential with a half-life of approximately, 2.5 d (Fig. 3A) . After 11-14 d at room temperature under quiescent conditions (i.e., not shaken or stirred), both protofibrils and fibrils are clearly seen in the EM and AFM images of the Het-s/GroEL samples ( Fig. 3B and Fig. S3D ); in the absence of GroEL only fibrils are seen by EM and AFM under the same conditions ( Fig. 3C and Fig. S3A ).
Characterization of Het-s/GroEL Fibrils by Electron Tomography.
Electron tomograms taken 3 wk after addition of GroEL to
Het-s reveals the presence of both multifilament fibril bundles ( densely packed manner by GroEL with a center-to-center spacing of ∼200 Å between adjacent bound GroEL molecules. GroEL binds on the lower (Fig. 4 , Left), side (Fig. 4 , Center) and upper (Fig. 4 , Right) faces of the fibril bundles. The observation that GroEL is present on both sides of a unifilament fibril suggests that the filament twists in a helical manner about the long axis of the fibril (Fig. 5) . Similar images are also observed when GroEL is added to preformed Het-s fibrils ( The binding site on GroEL was confirmed by addition of GroEL/GroES complexes to preformed Het-s fibrils (Fig. 6A) . GroES binds to the apical domain of GroEL, thereby capping either one or both GroEL rings (depending on conditions; see Experimental Methods) to form bullet-shaped (Fig. S4A ) or football-shaped (Fig. S4B) complexes, respectively. In the resulting electron micrographs, the majority of GroEL particles bound to the Het-s fibrils is in the uncapped form (Fig. 6B , red boxes). Bullet-shaped GroEL/GroES complexes, however, are also clearly seen bound to the fibrils (Fig. 6B , blue boxes), but we see no evidence of any bound, football-shaped GroEL/ GroES complexes (Fig. 6B, black boxes, and Fig. S5 ). Thus, binding of GroEL to Het-s fibrils requires the presence of at least one uncapped ring.
Characterization of Het-s Fibrils by Continuous Wave EPR. Continuous wave (CW) EPR spectroscopy provides a straightforward approach for probing the internal mobility of a nitroxide label [such as MTSL; (1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl) methanethiosulfonate)]. We therefore MTSL-labeled Het-s(218-289) at position 227, located at the N terminus of strand β1, close to the disordered N-terminal tail (Fig. 1A) , via an engineered cysteine mutation (S227C).
The lineshape of the EPR spectrum is sensitive to the mobility of the nitroxide label (26) . At X-band, the EPR spectrum is dominated by the electron-nuclear hyperfine splitting tensor A. Rapid isotropic reorientation of the spin labels reduces the A tensor to a scalar value a iso = 1/3(A x + A y + A z ), resulting in a three-line EPR spectrum with the two outer components separated by 2a iso ; as rotational motion of the spin label is slowed down (or motion of the label hindered), the EPR lineshape changes, eventually reaching the powder limit in which the two outer components are separated by 2A zz (27) .
The CW X-band EPR spectrum of the nitroxide labeled Hets(S227C) monomer is well described by an effective correlation time (τ eff ) of ∼0.5 ns (Fig. 7A) . The EPR spectrum of Het-s fibrils formed in the absence of GroEL (Fig. 7B ) and Het-s protofibrils formed immediately upon addition of GroEL (Fig. 7C ) are characterized by a two-species system comprising a slow component with τ eff ∼ 3.3 ns corresponding to the fibrils and protofibrils, and a fast component τ eff ∼ 0.5 ns corresponding to residual Het-s monomer present in the sample. The reduction in mobility of the nitroxide label in the fibrils and protofibrils can be attributed to the transition from a random coil to an ordered β-sheet structure containing the label. Finally, the EPR spectrum of the fibrils of Het-s formed in the presence of GroEL can be well reproduced by a three-species system comprising a powder (τ eff > 200 ns or severely restricted motion with a high order parameter) characterized by the 2A zz splitting (Fig. 7D ), in addition to the two faster components seen in the Het-s fibrils alone and the Het-s/ GroEL protofibrils. We attribute the powder species of the EPR spectrum to the immobilization of the nitroxide label attached to Het-s through direct interaction with GroEL, presumably binding to the GroEL-binding consensus sequences (28) located either in the N-terminal tail or the β4/β5 loop of Het-s fibrils (Fig. 1A) . Many of the Het-s fibrils bound to GroEL consist of a multifilament bundle. Since GroEL binds to the outside of the fibrils, the nitroxide labels of only Het-s molecules in the outer filaments of the bundle can be fully immobilized by GroEL, accounting for the roughly equal population of the τ eff ∼ 3.3 and >200 ns species in the EPR spectrum. C-labeled Het-s fibers grown in the absence and presence of GroEL (Fig. 8 and Figs. S6 and S7) .
We first recorded a set of 1 H-
13
C cross-polarization (CP)-based magic angle spinning (MAS) spectra, both 1D 13 C (Fig. 8A ) and 2D 13 C/ 13 C with dipolar assisted rotational resonance (29) transfer between 13 C nuclei (Fig. S6) . Under CP-MAS conditions, only rigid segments of the Het-s fibrils are probed (30) . This is because molecular motions in dynamic regions prevent the dipolar couplingbased magnetization transfer used in CP-MAS-based experiments. The CP-MAS spectra of Het-s fibrils in the presence and absence of GroEL overlap perfectly, indicating that GroEL does not perturb the structure of the rigid fibril core.
Next, we recorded a set of 1D and 2D C transverse relaxation rates must be longer than the time required for 1 H-13 C polarization transfer to observe a signal. In rigid segments of the protein with slow or anisotropic reorientations, the 1 H-1 H and 1 H- 13 C dipolar couplings are not averaged to zero over time; in mobile regions, however, the dipolar interactions are time-averaged to zero, thereby eliminating the main mechanism of signal loss during INEPT transfer. Comparison of both the 1D (Fig. 8B ) and 2D (Fig. 8C) 1 H/ 13 C INEPT spectra shows that the presence of GroEL results in significant differences. First, there is an obvious decrease in signal intensity in the 1D 1 H/ 13 C INEPT spectrum of Het-s fibrils with GroEL (Fig. 8B) , accompanied by a corresponding decrease in the aliphatic 1 H and 13 C transverse relaxation times [from 24.7 ± 0.1 to 16.8 ± 0.1 ms, and from 4.8 ± 0.1 to 3.9 ± 0.2 ms, respectively (Fig. S7)] . Thus, one can conclude that GroEL binds to mobile and accessible segments of the Het-s fibrils. Further analysis of the 2D 1 H/ 13 C INEPT spectra reveals a few significant chemical shift differences as well, and the shifted cross-peaks can be assigned residue/ atom type probabilities (31) (Fig. 8C) . The latter are consistent with residues either in or close to the GroEL consensus-binding sequences (28) located in the N-terminal tail or β4/β5 loop (Fig. 8C) . Fig. 5 . Regular spacing of GroEL bound via its apical domain to a Het-s monofilament. Shown is the middle slice of a negative stain electron tomogram image of a Het-s fibril formed 3 wk after addition of 100 μM (in subunits) GroEL to 100 μM Het-s(218-289) at room temperature under quiescent conditions. Also seen are three unbound GroEL molecules.
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Het-s fibrils Het-s fibrils with GroEL 20 nm Fig. 6 . Negative stain electron micrographs of Het-s fibrils formed in the absence (A) and presence (B) of GroEL and GroES. Most of the GroEL bound to Het-s is in the uncapped form (red box); however, some bullet-shaped GroEL/GroES complexes are also bound to the Het-s fibrils (blue box). Right images show a collection of enlarged micrographs of differently prepared samples where uncapped bound GroEL (first and second rows, red), bullet-shaped bound GroEL/GroES complexes (third row, blue), and unbound football-shaped GroEL/GroES complexes (fourth row, black) are found. One hundred micromolar Het-s(218-289) was fibrilized for 3 wk at room temperature under quiescent conditions. Bullet-or football-shaped GroEL/GroES complexes (prepared as described in Experimental Methods) were mixed separately with Het-s fibrils leading to micrographs shown in the blue or black boxes (B, Right), respectively (see also Fig. S5 ).
Concluding Remarks
Using a range of biophysical and structural techniques, we have shown that the chaperonin GroEL interacts directly with the Het-s prion protein, resulting in a two order of magnitude or larger speed up of aggregation and protofibril formation. The rate of appearance of fully formed fibrils, however, is slowed down in the presence of GroEL. Thus, after 11 d, both protofibils and fibrils of Het-s are seen in the presence of GroEL (Fig. 3B) , while only fibrils are observed for Het-s alone (Fig. 3C) . After 3 wk, however, the Het-s protofibrils obtained in the presence of GroEL have largely been converted to fibrils. GroEL remains bound to Het-s throughout the aggregation process and decorates Het-s fibrils with a regular spacing of ∼200 Å. Given the diameter of the GroEL cavity, we surmise that GroEL interacts with four to five Het-s units within a fibril, thereby resulting in high avidity. The interaction of GroEL with amyloid-type fibrils, in this instance Het-s, requires that mobile regions within the fibril (containing one or more GroEL consensus binding sequences) be able to access the inner rim of the central cavity of GroEL formed by the apical domain. Thus, amyloid fibrils without these particular characteristics would not be expected to interact with GroEL in the same manner as Het-s. For example, while GroEL binds to amyloid-β monomers via two GroEL-binding consensus sequences (32) , these sequences are largely located in ordered β-sheet regions of the fibril (33) (34) (35) . Hence, one would predict that interaction between GroEL and amyloid-β fibrils would only occur upon disruption of the fibril.
In the context of the etiology of amyloidosis, the type of interaction seen here between GroEL and Het-s protofibrils and fibrils may serve two functions. First, chaperone binding to toxic amyloid oligomers may render these nontoxic by sequestration into large aggregates, as has been demonstrated in the case of the interaction between the small heat shock protein HspB1 and amyloid-β protofibrils (36) . Second, binding of chaperones to fully formed fibrils may facilitate in vivo clearance (e.g., in the liver) as was shown for the extracellular chaperone clusterin (25) .
Experimental Methods
Expression and Purification. Details of the expression and purification of GroEL, GroES, and Het-s(218-289) are provided in SI Experimental Methods. GroEL/GroES bullet-shaped and football-shaped complexes in which one or both GroEL rings are capped, respectively, were prepared essentially as described with some minor modifications (37) . Fibrillization of Het-s(218-289) was carried out as described (38) .
NMR and EPR Spectroscopy. Solution NMR measurements were carried out on a Bruker 600 MHz NMR spectrometer with a triple resonance z axis gradient cryoprobe at 10°C. Further details are provided in SI Experimental Methods. Solid-state NMR was carried out on a 17.5 T spectrometer ( Fig. S6 ). There are large differences in peak intensities in the INEPT-based experiments (B and C) indicating differences in the mobile portions of the fibrils upon GroEL binding. Cross-peaks of Het-s fibrils with significant chemical shift differences in the presence and absence of GroEL, together with assignments in terms of residue/atom type probabilities (31) , are indicated. One hundred micromolar monomeric Het-s(218-289) was fibrilized at room temperature under quiescent conditions in the absence and presence of 100 μM (in subunits) GroEL.
Experimental Simulated are provided in SI Experimental Methods. CW EPR spectra at X-band were recorded on a Bruker EMX spectrometer (see SI Experimental Methods).
EM and AFM. Samples of Het-s/GroEL complexes were prepared in the same manner as for the solution-state NMR experiments (SI Experimental Methods). Aliquots were taken at different time points and diluted to a final GroEL concentration of 2.5 μM. For EM, 5-μL samples were blotted onto the carbon-coated copper EM grids (Ultrathin Carbon Film/Holey Carbon; Ted Pella) for 1 min, quickly washed with deionized water, and stained with 2% uranyl acetate for 40 s. Images were taken with an FEI Tecnai T12 electron microscope operating at 120 kV and a Gatan US1000 CCD camera. For electron tomography, tilt series were collected using SerialEM (39) on an FEI Tecnai F20 electron microscope operating at 200 kV and equipped with a Gatan K2 direct electron detector. The tilt series ranges from -60 to +60 degrees in increments of 2 degrees. Tomograms were reconstructed using the ETomo routine in the IMOD package (40) .
For AFM, the same samples were directly applied to freshly cleaved mica. The sample was incubated for 1 min, washed with deionized water, and further air dried. AFM images were taken in the tapping mode using a MultiMode AFM with a Nanoscope IV controller (Veeco). This included a SPM probe model ACT silicon (Applied Nanostructures) with a 5-to 6-nm tip radius, 40 N/m force constant, and oscillating at ≈300 kHz. Images were recorded at a scan rate of 0.7-1 Hz, 256 sampling points per line, and 256 lines.
